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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM
ALTTTUDE-WIND-TUNNEL INVESTIGATION
OF VARIOUS CAN-TYPE BURNERS IN
BUMBLEEEE 18-INCE RAM JET

By D. . Dupree, T. J. Nussdorfer
and W. H. Sterbentz

SUMMARY

An Investligation on various can~type burners in a Bumblebee
18-inch ram Jet under controlled conditions of pressure altitude
and ram pressure ratlo was conducted in the NACA Lewis altitude
wind tunnel with kerosene as fuel.

The performance of the following can-type burner configu-
retlons was better than that of the other burner configurations
investigated: (1) a flame holder having a two-pitch alinement of
perforetions, 0.07~-inch-wide coolling slois, and an arrangement of
fuel nozzles located within an ammulus having a mean radius of
7 .24 inches; and (2) a flame holder having a zero-pitch alinement
of perforations, 0.l6-inch-wlde cooling slots, and an annulus of
fuel nozzles having a mean radius of 6.89 inches.

The maximum net-tbhrust coefficient and minimm specific fuel

consumption were obbtalned with the ram-Jjet configuration that
congigted of the burner Just described having & flams holder with a
two-pitch alinement of perforations and a combustlon-chamber outlet

restricted by a lig-inch-diameter orifice plate. At a ram pressure

ratio equivalent to & free-streem Mach nwmber of 1.44 and &

pressure altitude of 30,000 feet, the net-thrust coefficient was 0.68
and. the reduced specific fuel consumption wes 3.0 pounds of fuel per
hour per pound of net thruet.

INTRODUCTION

As & result of the satisfactory performsnce characteristics
obtained from sea-level studies of & can-type flame holder in a

_m
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Bumblebee 18-inch ram Jet (reference 1), experiments were conducted
at the NACA Lewls laboratory on various configuretions of this flame
holder with different fuel-injection patterns. These experiments
were conducted as part of an investigation to determine the per-
formance characteristics of the Bumblebee 18-inch ram Jet primarily
at simulated conditions of high altitudes and ram pressure ratios
equivalent to supersonic flight Mach nmumbers (references 2 to 4).
The performance of one combination of can-type flame holder and
fuel-injection pattern with two fuels, kerosens and e mixture of
75=-percent kerosens and 25-percent propylene oxide, at a pressure
altitude of approximetely 30,000 feet and at ram pressure ratios
equivalent to supersonic flight Mach numbers is shown in reference 4.

The performance of variocus can-type burners using kerosene
(AN-F-32) fuel as influenced by changes in flame-holder design,
fuel-injection patitern, and cambustion-chamber-outlet area 1s reported
herein. Also included are the effects of same of these changes on
such engine~performance parameters aa net-thrust coefficient and
specific fuel consumption. The range of simulated flight conditions
investigated generally included pressure altitudes fram 10,000 to
30,000 feet at ram pressure ratios equivalent to flight Mach numbers
from 0.6 to 1l.4.

APPARATUS AND PROCEDURE

Ram jet and burmers. -~ The ram Jet Investigated _(fig. 1) 1s
essentially the same as the unit described in references 2 to 4.
The ram Jet consiste of an amnular subsonlic diffuser, an 18-inch-
diameter water=-cooled combusticn chamber,; and a burner consisting
of a fuel distributor and a flame holder.

The Installation of the fuel distributor and the can-type
flame holder 1s shown in figure 2. The flame holder consilsts of a
gkirt resembling the frustrum of a perforated segmented cone and a
fuel-fed pilot forming the vertex of the cone. Performence effects
of modifications in both the skirt of the flame holder and the
pilot were studied. Modlfications to the flame-holder skirt con-
cerned the size and the allnement of the perforations and the width
of the amular slots located under the bends commecting the segments
of the skirt. The three modified skirts, which have zero-piltch
alinement of perforations with open areas of 110, 130, ard 135 per-
cent, are shown in figures 3(a), 3(b), amd 3(c), respectively.
(The pilitch alinement of the perforations 1s defined as the number
of rows of perforations thet splral around the skirt as counted along

eI
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the intersection of an axial plane on the surface of the skirt.
The percentage of open area of the skirt is defined as the ratio
of the area of the perforations and slots to the cross-sectlonal
area of the combustion chember.) For the 110- and 130-percent
cpen-area sikdrts, the width of the amnular slots was 0.07 inch
(figs. 3(a) and 3(b))}; the difference in open area was accounted
for by the change in the sizes of the perforaticns. For the 130-
and 135-percent open-ares skirts, the sams size perforations were
used, but an increased smmular slot width of 0.16 inch wes employed
for the 135-percent open-area skirt (fig. 3(c)). The wide-slot
skirt (135-percent open area) was shorter than the other skirts by

the length of one segment (3_32: in.), The effect of a splral alinement

of perforations sround the skirt was obtained by using the skirt
shown in figure 3(b), which has 130-percent open aree, but is
assembled with a two-pitch alinement of perforations (fig. 3(d)).

Approximately 1 percent of the total fuel flow was InjJected In
the pilot burner of the flame holder from & commercial spray nozzle.
This fuel was mixed with alr that was admitted to the pllot through
perforations in the pilot dome. Changing the size of the perforations
and the spray nozzle, employing &lr scoops at the perforations, and
adding air ducts to the scoops leading upstream of the main fuel
injectors were methods used in an attempt to improve the performance
of the pilot burner. In edditlon to these modifications of the
standerd pilot burner, the vortex pilot burner described in refer-
ence 2 wage investigated. Two ducts bullt into the difiuser center
body supplied the vortex pilot burmer with alr. A spray nozzle
rated to deliver approximately 21.5 gellons per hour at a gage
pressure of 100 pounds per square Inch supplled fuel. The alr was
discharged in a vortex motion into the pillot burmer through two 45°
pipe elbows downstream of the fuel nozzle.

The low-pressure fuel-distributor system, housed in the 4if-
fuser center body (figs. 1 and 4), was designed to distribute fuel
evenly to 40 fuel-injection tubes for a wide range of fuel flows
(reference 5). Basic fuel patterns 3P, 4, and 4A (figs. 5(a),
5(b), and 5(c), respectively) as designated by the Applied
Physics Laboratory of Johns Hopkins Universlty. mede possible
vaeriations in the over-all fuel-injectlon pattern by selective
agsembly in the fuel distributor. A velne representing an average
radius of all the fuel tubes is called the mean fuel radius. In
figure 4, a schematic dlagram is shown for e typical over-all fuel-
injection pettern. The fuel used was AN-F-32, herelnafter
designated kerosene, and was inJected in an upstream direction.
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Installation and procedure. - The ram-jet installation in the
altitude wind tunnel, more fully described in references 2 to 4, is
shown in figure 6. During part of the investigation, the l7%-inch
diameter of the cambustion-chembsr outlet was restricted by a
lé%—inch-d.iameter orifice plate. A duct supplied the englne with dry
alr that could be throttled from sea-level pressures to the degired
combustion~chamber~inlet pressure at a temperature of 140° £0° F.
Inserted between the air duct and the ram-jet-diffuser inlet was a
sealed slip Joint that allowed free movement of the model and use
of the tunnel balance system to measure thrust. Inasmuch as the
ram Jet exhausted directly into the tunnel test sectlon, changes
in ram pressure ratio across the englne could be obtained by
variation of either the engine-inlet pressure or the tunnel
pressure altitude.

From total pressures, statlc pressures, and indiceted temper-
atures measured with a survey rake in the ailr duct at the slip
joint (fige. 1 and 8), alr flow through the engine was camputed.
The alr flow and the wall static pressures measured at the
cambustion-chember inlet (station 2, fig. 1) were used to compute
cambustion-chamber~-inlet veloclties. As an altermate to the tunnel
belance system, water-cooled cambustion-chamber=~-outlet-rake data of
total and static pressures were occaslonally used to calculate Jet
thrust. From two total-pressure rakes mounted immediately upstream
and downstream of the fuel-injector tubes, the radial profile of
alr flow in the diffuser and at the combustion-chamber inlet was
determined. Fuel-flow measurements were made with a rotameter.

All computations of cambustlion and engine performance were
made by methods outlined in references 6 and 7. Cambustion
efficiency and total-temperature ratio across the englne included
the heat lost to the combustion-chamber cocling water. The pressure
losa that would occur acrogs & normel shock at the throat of a
convergent-divergent diliffuser of optimum contraction ratio was
added to the measured dliffuser-inlet total pressure and the sum was
used as equivalent free-stream total pressure in the computation of
equivalent free-streem Mach mmber.

Data were obtained at pressure altitudes from 10,000 to
30,000 feet over a raenge of combustlon-chember-inlet static pressures
and operable fuel-alr ratios. When possible, lean and rich fuel-
alr ratio blow-out pointe were determined.

¥LOT
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SIMBOIS

The following symbols are used in this report:

A cross-sectional area, square feet
Fn
C net-thrust coefflclent,
F 1 v gA
2200 43
FJ Jet thrust, pounds
Fn net thrust, pounds
f/a fuel-air ratilo
M Mach number
P total pressure, pounds per square foot absolute
P static pressure, pounds per square foot absolute
a dynemic pressure, pounds per square foot
T total temperature, °R
v veloclty, feet per second
Wf fuel flow, pounds per hour
v ratio of specific heat at constant pressure to specific
heat at constant volume
3 ratio of absolute tunnel ambient-air pressure to
absolute stetic pressure at NACA standard atmospheric
conditlions at sea level, pO/ 2116
Tl.b combustion efficiency, percent
e ratio of absolute total tempersture at diffuser inlet
to absolute static temperature at NACA standard
atmospheric conditions at sea level, Tl/519
p density, slugs per cublc foot
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T ratio of absolute total temperature at cambustion-
chamber outlet to absolute total temperature at

diffuser inlet, T 4/T1

Subscripts:

o equivalent free-stream condition

1 subsonic diffuser Inlet

2 subsonic diffuser outlet and combustion-chamber inlet

3 outlet of cambustion chamber of constant cross-
sectionel area (18-in. diam )

4 ram~Jet outlet

3 exhaust jet at ambient pressure (p 5= po)

Pexrformence parameters:

F /5 Jet thrust reduced to NACA standerd atmospheric
J conditions at sea level, pounds

Wf/ F Neé reduced specific fuel consumption, pounds fuel per
hour per pound net thrust

RESULTS AND DISCUSSION
Ram~-Jet Combustion Performance

Operationsl performance of burners. - The configurations
investigated and the approximate range of ccmbustlon-chamber-inlet
variables over which the engine was operated are shown in table I.
The investigation began with a study of the performance of a burner
(configuration 1, table I) employing the flame holder having
130-percent open area, zero-pitch alinement of perforations, ard a

cooling-slot width of 0.07 inch. Alternately spaced fuel patterns 4

end 3P, with tube 5 of pattern 3P plugged, provided fuel distri-

bution. This fuel-injection arrangement geve a mean fuel radilus
of 7.20 inches. In general, combustion could be characterized as

rough over most of a narrow range of operable fuel=-alr ratlos
(0.080 to 0.080). Flame blow-out occurred before choking could be

obtained at the caombustion-chamber outlet.

p
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Improvement in the range of operation of this configuration was
attempted by decreasing the flame-holder open area 1o 110 percent
through a reduction in the size of the perforations {configuration 2,
table I). This change, however, caused a decrease in the fuel-alr-

ratio operating range (0.068 to 0.078).

In order to determine the effect of a change in the mixing of
the burnmed eand unburned gases in the reglion of the flame holder, a
two-pitch alinement of perforations in the burner used in configu-
ration 1 was studied (configuration 3, tabls I). Some improvement
in combustion stebility end fuel-air-ratio operating range (0.041 to
0.083) over configuration 1 was obtained. Flame blow-out again
occurred before the engine could be choked.

Inasmuch as the widest operable range of fuel-alr ratio had
been obtained with the two-pitch flame holder having 130-percent
open area, the effects that a changs in the fusl-distribution
pattern would have on the performance of this flams holder were °
determined. Configuration 4 of table I employe this flame holder In
conjunction with a fusel inJector camposed of alternately spaced fuel
patbterns 4 and 3P with no tubes plugged and a mean fuel radlus of
6.89 inches. A deteriorstion of cambustion stablllity and narrowing
of fuel-alr-retio operable range indicabted that a larger mean fuel
radius shounld be investigated. The operable range of fuel-air ratlos
was from 0.050 to 0.089.

Whenh tubes 1 and 5 in pattern 3P were plugged and the msan fuel
radius thereby increased to 7.24 inches, the ram Jet could be choked
and stable cambustlon over a wide range of operabting conditions was
obtained. Thls burner performance was thoroughly investigated both

with and without a 14%—inch-dia.meter orifice plate attached to the
cambustion-chamber outlet (configurations 5 and 6, respectively,
table I) and will be subsequently discussed. Herelnafter the
designation of burner configurations 5 and 6 (table I) will be the
two-piteh standard-slot burner. '

A narrower operable range of fuel-alr ratlios was obtalned when
the mean fuel radius wes increased to 7.37 inches by replacing

patterns 3P with fuel pattern 4A, tubes 1 and 2 plugged, (configu-
ration 7, table I). F¥leme blow-out occurred at fuel-air ratios

leaner than about 0.075 and richer than sabout 0.092. The ram Jet
could be choked with this burner configuration.

Although unsatisfactory cambustion-chamber performance was
obtained when fuel patterns 4 and 3P were used with the two-pitch

SNNESEES
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stendard-glot flame holder (configuration 4, table I), satisfactory
results were obtained when thie fuel-injection vattern was employed
with the flams holder having 135-percent open area, zero-pitch
alinement, and 0.16-inch cooling slot. With this burner (configu-
ration 8, table I, hereinafter called the zero-pltch wlde-slot
burner), the unit could be choked and would burn smoothly over a
wilde range of fuel-air and ram pressure ratios.

Various changes made in the pilot burner had no dilscernable
effect on the combustion performence of the main burner. Some
changes , however, caused difficulty in igniting both pllot and mein
burners at high values of combustion-chamber~inlet velocity. The
least ignition difficulties were experlenced with a pilot burner,
vhich had a perforated dome fitted with alir scoops.

Effect of cambugtion-chamber-inlet conditions on operational
limits. - The fuel-air-ratlio operatlional limits of cambustion as a
functlion of cambustion-chamber~-inlet velccity V2 and statlc

pressure pz for the two-pitch, standard-slot burner both with and

without the orifice plate attached to the combustion-chamber outlet
are shown in figures 7(a) and 7(b), respectively. The orifice
plate was used in order to obtain burner performance over a wide
range of Vz. Tailed data points in figure 7 represent choking at

the ram-jet outlet. Solld curves are falred through date points
having approximately the seme values of pz and ram pressure ratlo
across the engine. Scatter in the data having constant pz would

be expected and was observed where the ram pressure ratio across
the engine wes not held constant. The approximate conditions of
fuel-air ratlo and 7V, at which flame blow-out was observed are

Indicated by the dashed curves.

With the orifice plate attached to the combustion chamber
(fig. 7(a)), the operable range of fuel-air ratio at a Vo of
130 feet per secomnd extended from a lean limlt of about 0.045 to a
rich 1limit greater than 0.12. As vV, wes increased to about
135 feet per mecond and P, was decreased to 1400 pounds per
square fool absolute, the rich limlt decreased sharply to 0.1C.
Further increases in V’z %o about 170 feet per second caused
only & very small change in the fuel-ailr-ratlo blow-out limits.
Choking at the outlet of the orifice plate prevented atitoinment
of Vz gregter than ebout 185 feelt pexr second.
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The extension of this plot of operational limits as a functiom

of V, is presented in figure 7(b) for the ram Jet without the

orifice plate. A comparison of fuel-alr-ratio limits at the same
Vz reveals little change in these limits when the orifice plate

was removed. As Vz was Increased fram 180 to 190 feet per second,

a decrease Iin operating range occurred at the lean limit, the fuel-
air-ratio blow-out limit changing from 0.050 at 180 feet per second
to 0.064 at 190 feet per second. Beyond these limits of f/a. and
Vz was a region in which combustion was unpredictable, rough, and

unstable. This rezgion appeared to be limited by a curve extending
from a fuel-air ratlio of 0.040 at & Vz of 185 feet per second to

0.085 at 198 feet per second. Further increases in Vz from 190

to 247 feet per second (the veloclty at which choking occurred at
the lean fuel-air-ratio limit) caused a gradual decrease in the
lean operating range from about 0.064 to 0.074. Increasing Vz
from 170 to 220 feet per second caused no appreciable change in the
rich 1imit of operation. For velocltles greater than 220 feet per
second., no data were tsken at fuel-alr ratlos greater than about
0.09 because of the low cambustlon efficiency.

Flame blow-out occurred when b, was reduced below 1480 pounds
per square foot absolute at a Vz of about 280 feet per second and
g fuel=-air ratio of 0.09. At these condlitlons, the combustlion-
chamber-outlet Mach number was subsonic and very close to 1.0. At
a V., of about 160 feet per second, however, stable combustion was
obtained over the full fuel-air-ratio range at values of Py equal
to about 1100 pounde per square Ffoot absolute. The combustion-
chamber-outlet Mach number for these conditions was about 0.82.

The tunnel statlc pressure was approximately the same for both
conditions, 650 and 620 pounds per square foot absolube,
respectively.

The operational limits of the ram Jet with the zero-pitch wide-
slot burner are shown in figure 7(c). Over a range of V, from
230 to 280 feet per second, the operable range of fuel-air ratios
extended from about 0.045 to 0.090. Choking at the combustlon-
chamber outlet occurred at a Vz of approximately 280 feet per
second. )

When the zero-pitch wide-slot burner was operated at Py of
1640 pounds per aguare foot absolute end D of 970 pounds per
square foot absolubte, an increase in fuel-alr ratlo above 0.07C

~ o SgEpapp gty MU
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produced a combustion characterized by a high-pitch screech lnstead
of the usual low-pitch roaring sound. This phenomenon was accompe-
nied by a reductlon in Vz from 242 to 202 feet per second

(fige 7(c)), which indicates an increase in the efficiency of com~-
bustion. The operable range of fuel-air ratios, however, was
reduced to a range from 0.060 to 0.080. Although this change in
combustion efficlency could be duplicated at the same pressure and
veloclty conditions, 1t was not obgerved at any of the other com-
binations of combustlon-chamber conditions investigated.

Effect of fuel-alr ratio on combustion effilclency and gas total-
temperature ratio. - Combustion efficlency m, eand gas total-
temperature ratio T are presented as funtions of fuel-air ratio in
figures 8 and 9, respectively, for the two~pltch standard-slot burner
and the zero-pltch wide-slot burmer. Imndicated on the flgures are
the values of », ard the range of vz at which the data were
Ob'tainw..

Increases from the leanest to the richest attalnable fuel-air
ratlo caused a steady decrease in Nye For both burners, the value
of T reached s maximm in the range of the stolchiometric fuel-
alr ratlo. TYor normsl combustion at a vz of about 205 feet per
second and a fuel-alr ratio of 0.075, a T of 6.0 and an 1, of
74 percent were obtained with the two-plitch standard-slot burner as
compared with a T of 4.7 and an 1, of 52 percent obtained at
the same fuel-alr ratio and Vz with the zero-pitch wlde-slot
burner (figs. 8(c), 8(d), 9(c), and 9(d}). When screeching com-
bustion was obtalned with the zero-pltch wide-~slot burmer at these
condltions, however, Ny increased approximetely 20 percent with
a concomitant increase in T to 6.2

Effect of combustion-chamber-inlet veloclty on combustion
efficlency and gas total-temperature ratioc. - The effects of V

an n, and T ere shown in figures 10 and 11, respectively, o

for the two-pltch standerd-slot burner and the zero-pitch wilde-slot
burner. Indicated on the figures are the values of Py end the
rangs of fuel-air ratlos over whlch the date were taken.

With the two-pitch standard~slot burner, Ty improved with
increases in Vz to about 200 feet per second and further Iincreases

PrvVNRRRE, - 2
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in V2 caused to decrease. The improvement in T, Wwes

presunably due to better atomization and mixing of alr with the fuel
than at the lower TZ values. At velceitles greater than about

200 feet per second, the decreased time avallable for combustion
within the rem Jet probably decreases n_b more rapidly than L'

is Increased by improved atomization and mixing of the fuel with alr.

A gimiler varlation In T with V‘z occurred. The largest

obgerved T of 6.7 was obtalned at a fuel-air ratio of about 0.073

end & V, of 179 fest per second (fig. 11(a)).

With the zero-pitch wide-slot burner , q.b data were obtained
only at a Tz greater than sbout 195 feet per second. As with the
two-plitch standard-slot burner, Ty declined with increases in VZ

2

in this renge of V,. The effects of screeching cambustion on n.sl
eand T previously discuseed are shown in Pfigures 10(d) and 11 (4
respectively.

Rem-Jet Internal-Flow Characterlstics

Some of the flow characteristics through the engine with a two-

pitch standard-sloct burner and a 1732—'-inch combustion-chamber-outlet

diemeter are presented in figures 12 to 16. The f£low character-
istics showm in figures 12 to 14 ars at an average combustion-
chember-inlet Reynold's number of 1,290,000 (based on a combustion-
chember dismeter of 18 in.) for valuves of T of 1.0, 4.3, and 5.4.
The radiel locations of the fuel-inJjector tubes end the epproximate
meen fuel radlus are shown in flgure 1l2.

A small qualitative differsnce between profiles of dynamic
pressure gq In the subsonic diffuser upstream of the fuel-inJector
tubes was obtalned for the conditions with and wlithout buyning
(fig. 12). At the combustion-chamber inlet, & marked change of the
profiles compared with those upsitream of the fuel-injector tubes
and with those with and without burning was obtained (fig. 13). In
general, the profiles at the combustion-chember inlet Indicate the
growth of a large boundary layer or wake at the wall of the center
body extending about halfway across the dlffuser-outlet anmulus.
The additions of heat appeared tc accentuate the growth of the
center-body wake presumably because the heat added first in the
vertex of the perforated conical flame holder tends to force the
flow of incoming air toward the perforations nearer the cuter wall.
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Valuss of static and total pressures acrose the cambustion
chamber l/ 2 Inch upstream of the ram-Jet outlet are presented in
figure 14. For the condition without burning, the distribution
of total and static pressures 1s relatively flat. When burning
tekes place,; a marked peak in total and static pressures in the
central reglon of the Jet occurs. The minimum total and astatic
Pressures occur approximately 2 inches from the combustion-
chamber wall. - The same general veriation of total and static
breesures across the cambustion chamber for choked and unchoked
conditlons 18 Indicated in figure 15.

From the values of totel and static pressures in figure 15,
the variation of Mach number across the Jet was computed by assuming
a constant ratio of specific heats 7 of 1.3 (fig. 16)}. Inasmuch
as the pressure tubes of the rake extended approximately l/ 2 1inch
upstream of the outlet of the ram Jet, the integrated average of
this computed Mach number profile 1s less than the average ultimate
exhaust~Jet Mach mmber M, computed from the average exhaust-Jjet
total pressure end ambient static-pressure date. For both choked
and unchoked conditions at the ram-Jet outlet, figure 16 shows a
meximmn In the Mach number at the center of the Jet with a decrease
In Mach number toward the combustion-chamber walls.

Over=-All Ram-Jet Performance

The variations with equivalent free-stream Mach pumber MO of
the parameters jet thrust F,, reduced jet thrust FJ/E, total-

Pressure ratio across engine P /PO » ultimate exheust-jJet Mach
number M,, reduced specific £lol consumption Wf/Fno\/? , and net-

thrust coefficient CF are shown In figures 17 to 22 for the engine

operating with the zero-pitch wide-slot burner and the two-pitch
standard-slot burner with and without an orifice plate attached to
the cambustion-chamber outlet.

Jet thrust is shown as a function of MO In figure 17 for the
verious configurations. When these data were reduced to standard
NACA atmospheric conditions at sea level, the reduced Jet thrust
F./5 as a function of M_ was obtalned (fig. 18). At a given My»

the higher F,/8 obtained when the zero-pitch wide-slot burner was
uged instead Of the two-pitch standard-slot buwrmer indicates that
the pressure losses through the zero-pitch wide-slot burner are less
than through the two-pltch standard-slot burner. The cold pressure-
drop coefficlent Ap q2 for the two-plich standerd-slot flame

TP
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holder wes 1.5 (reference 4). The lowest value of F,/8 at a glven
value of Mo was obtained with the two-pltch sta.nda.r&-slo'b burner
in the ram Jet equipped with an orifice plate because of the smeller
outlet area A 4t

Total-pressure losses through the rem Jet were reduced when the
orifice plate was atbtached to the combustion-chamber outlet (fig. 19).
This reduction in totel-pressure loss lis primarily the result of the
lower values of dynamic pressure through the unilt obtalned when A,
is reduced. AL Mo of 1.4, the total-pressure ratlo across the
it PJ/PO was 0.83 for the rem Jet with the two-pitch etandard-

slot burner with orifice plate, 0.73 with the zero-plitch wide-slot
burner with no orifice plate, and 0.70 with the two-pitch stendard-
slot burner with no orifice plate.

The verlation of the ultimate exhaust-jet Mach number M, is
pregented in figure 20 as a function of Mo. Choking at the -
Jet exhaust outlet was obtained at an M0 of 1.09 when an orifice
plate was attached to the cambustion-chamber outliet and at an M
of 1.25 when no orifice plate was used. The decrease in MJ et a
given Mo when the orifice plabte was removed from the cambustion- -

chamber outlet is largely a result of the accampanying increazse in
total-pressure losees through the ram Jet.

A comperison of the minimum velue of reduced spscific fuel
consumption Wf/Fn Af6 (fig. 21) at an M, of asbout 1.4 shows

that a reduction in this parameter from sbout 5.0 to 3.0 pounds of
fuel per hour per pound of net thrust was obtailned by reducing the
combustion-chember-outlet area with the orifice plate. This
improvement in specific fuel consumption was obtained a8 a result
of a reduction in totel-pressure losses through the rem jet and an
improvement In 7 . (See figs. 7 end 10.) No curves are shown in

figure 2l because variations in both T and T, caused the date
to scatter.

All conflgurations gave valuss of thrust coefficient CF
above 0.6 at an M, of 1.4 (fig. 22). Although the net thrust
theoretically decreases with decreases in A.4 + & reduction ir net
thrust at equal to l.4 was not obtained when the orifice plate
was attached 'because of decreased pressure losses and increased T.
e maximm value of CF was 0.68 at MO of le44 and v of 8.1
for the ram Jet with the orifice plate and the to-pitch standard-
slot burner (fig. 22(a)).
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SUMMARY OF RESULTS

The following results were obtained from an investigation of
the performance of a Bumblebee 18-inch ram Jet with various can-
type burners using kerosene as fuel:

l. The performence of the following two can-type burner conflgur-
atlions waeg better than that of the other burner configurations
investigated: (1) a flame holder having a two-pitch alinement of
perforations, 0.07-Inch-wilde cooling slota, and an arrangement of
fuel nozzles providing a mean fuel radius of 7.24 inches, and (2) a
flams. holder having a zero-pitch alinement of perforations, 0.16-
inch-wide cooling slots, and e similar arrangement of fuel nozzles
providing a mean fusl radius of 6.89 inches. AL choking conditions,
the operable fuel-alr ratic range for the two-pitch standard-slot

burner was from 0.074 to greater than 0.090. With a 14Z-inch

orifice plate attached to the ram-jet outlet, the operable fuel-alr
ratio range at choking conditions for this burner was 0.048 to
0.098. The gzero-plich wide-glot burnsr gave an operable fuel-sir-
ratlio range from about 0.045 to 0.090 at choking conditlions wlth
no orifice plate attached to the ram-Jet ocutlet.

2. For the two best burner configurations investigated, the
velue of gas total-temperature ratlio at & given combustion-chember-
Inlet velocity reached a meaximm at approximately the stolichicmetric
fuel-air ratlo. At a combustion-chamber-inilet velocity of about
205 feet per second and a fusl-air ratio of 0.075, a gas total-
temperature ratio of 6.0 and a cambustlon efficiency of 74 percent
wWere obtalned with the two-pltch standard-slot burner as compared
with a total~-temperature ratio of 4.7 and a cambustion efficlency
of 52 percent obtained with the zero-pitch wide-slot burnsr. AL
a gliven value of fuel=-alr ratio, Increases in combustion-chember-
inlet veloclty greater than ebout 200 feet per second caused the
combustion efficiency and the gas total-temperature ratioc to
decrease for both burners.

3. At a ram pressure ratio equivalent to a free-stream Mach
nunber of l.44 and a pressure altitude of 30,000 feet, the minimum
reduced specific fuel consumptlon attained was 3.0 pounds of fuel
per hour per pound of net thrust for the unit employing the
burnexr having & flame holder wlth a two-pitch alinement of

e N]
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pexrforations and the lé%—inch-diamster orifice plate attached to the

combustion-chember outlet. A maximm value of net thrust coefflclent
of 0.68 was also attalned with this configuration at the seme con-
ditions of equivalent free-stream Mach number and altitude.

Iewls Flight Propulsion Laboratory,
Nationsl Advisory Comlttee for Aeronautlcs,
Cleveland, Ohlo.
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TABLE I - SUMMARY OF PERFORNANCE OF VARIOU3 BURNER CONFIGURATIONS

Fil:ﬁ;ﬁgld‘r ig;::;;ii :::t;rn Condlitiona of operation
Configu- {Open aree [Pltch (Cooling{ Basle patterns | Mean |Rén=jet=|Burning| Ram-jet- xima
ratigﬁ (percent) 8lot |used alternately| fuel | outlet outlet Appro te range of operation
width ' radins |[diameter choking Combustlon- Approximate
(in.) {in.) | (1in.) chambaz= fuel-air ratio
inlet atatio £/a
pressure, pp
(1b/sq ft abs,)
1 150 0 [0.07 |4 and 8P (tube |7.80 | 1,1 [Rough | Unobtain- |  1200-2000 0.060-0.080
'q b plugged in 2 able
q pattern 3P)
;3 110 0 .07 |4 and 3P (tube 7.0 171 3table (Mot deter= 2000 068 - 078
5 pluggad in 2 mined
. pattern 3P)
8 130 2 «07 |4 and 3P (tube | 7.20 | ;.1 |Rough | Uncbtain- 850-2000 »041 - ,0853
n 5 plugged in z able
g pattern 3P)
4 130 2 «07 |4 and 3P 6.89 171, =g, == |w=——=dp ==~ 1800-2000 »050 - ,069
2
6 130 2 +07 |4 and IP (tubes | 7.24 3 [3table [Obtainable 1100-2000 | (See fig. 7(a))}
1l and 3 plugged 141-'
in pattern 3P)
& 130 2 «07 |4 and 3P (tubes | 7.24 1 —wdOgar |====00 ¢y === 1100-2000 (8»e fig. 7(b}}
1 and 5 plugged : 175
in pattern 3P)
7 130 2 «07 |4 and 44 (tubes | 7.37 17l U, P PR, 7, S 1500-2000 0,075-0,002
1 and 2 plugged 7]
in pattern 44)
8 135 0 Jde |4 and 2 8.89 17% oy [mmmmdD y mm=m 1100-2000 | (8ee fig. 7{c).)
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Water-cooled ocutlet-

Slip Joint Diffuser totel- Fusl digtributor  Dressurs gurvey
pressure rake
14-in. diam suryey rake catbustion-chanber-
inlst total-pressurs
Alr-flow survey rake —Center body gurvey rake
T Can-type flams holder
Alr flow L&}
—_— <
A
| | 1] 4
11,3 In.
— 9.54 £t A 712 £ —»
Diffuger Conbuation chawber

Pigure 1. ~ Schematic diagram of Bumblebes 18~inch ram jet showing instrumentation,
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Fuel in

— Diffuser center Spark plug
body _ Pilot fusl Can-type flame-
nezzle holder ekirt
— Fuel injector Pilot dome
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O
oo O O O
oo O O
O
0o os O O O 0 O
o) o
______,_-
4,99 ft 2,13 £t —
Alr Tlow 7.12 £t

Fuel distributor

Corbugticn chamber

SNACA

Pigure 2. - Schemetic diagrsm of installation of fusl distributor and fleme holder.
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10.22-47

{(a) Zero-pitch alinement of pexrforations, 0.07-inch cooling slots, and 11O0-percent cpen
area. :Eilotdcma’btachedtod.iffusercenterbodyanﬂ.ekirb.

(v) Zero-pltch alinement of perforations, 0.07-inck cocoling slots, and 130-percent open
aree.

Figure 3. - Cen-type flams-holdexr akirta.
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NACA RM No. E8L20 U | 21

C-20695
2-10-48

erforations, O.l6-inch cooling slots, and 135-percemnt open

{¢) Zero-pitch alinement of P
area. Pilot doms attached to skirt.

. ._.,..

C-19891
10.22-47

(&) Two-pitch alinement of perforations, 0.07-inch cooling #lots, and 130-percent cpem
area'

Figure 3. - Concluded. Can-type flame-holder skirts.
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Plunger
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— Spring

Saction AA
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Flgure 4. - Schematic disgrem of fuel dietributor with typloal over-all fnel-injeotor pattern.
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ESL20

NACA RM No.

Outer wall:

(a) Fuel pattern 3P.

Figure 5. - Photographs and schematlic diagrams

of basic fuel patterns.
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NACA RM No. E8L20 SUNETER

| C-20051

11-21-.47

\ L,71°..| /—Out er wall

(b) Fuel pattern 4.

Figure 5. - Continued. Photographs and schematic
diagrams of basic fuel patterns.
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NACA RM No. E8BL20 ) L

C-20054
11-21.47

110, Outer wall

(c) Pattern number 4A.

Flgure 5. = Concluded. Photographs and schematice
diagrams of basic fuel patterns,
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-Watar-cooled cutlst-pressure

-

Ha.ter-coo‘led Multimh_

g

'1»1,Imh-a.tmtu ';-';"-i S
-orifica plate ' :

e T
i i IR ,r";: )
s N

Tigure 6. -~ Installstion of Bumblebee 18-inch ram Jet in altitnde wind twmnel.
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NACA RM No. ESL20 SRSkl
<14
Approximate
.12 o combustion-chamber—
inlet statlc
preasure, po
(1b/sq ft abs.)
r‘ o] 1800-2000
] 1700-1800
10 - & 1500-1700
7N = A 1300-1500
‘? 2 v 1100-1300
Y Tailed aymbols indicete
> g E ram-jet-outiet choking
.08
>
\ A\ —me== — Blow-out limits
o \ Q
.06
R
o) -
Lo e f—
o
<04
(a) Two-pitch standerd-slot burner with orifice plate.
12
.10 S oS g SRS
- p—— =n
o OA /f'
= ~ o | A
= AL =5
% .08 A i}
~
2 °f % &
- A —
1 o T
o ) F ° \ o .‘-—""""
@.’ +06 ku, Pat
d \\
o N
N | Reglon of unstabvle
\%r burning
<04 A
B
02
{b) Two-plitch standard-slot burner without orifics plate.
«10
o gl
' AN
” |
.08 A
/ | S A
Seresching combus- / ';: [ oA
tion limits > Al ﬁ
.08 B h, N v
N & QLR
i W V\\ e & :\_
~ I g —
s Q ///- 'HI
*“"120 140 160 g 200 220 240 260 280 %0
Combustion-chamber-inlet veloclty, Vg, ru/sec
(c) Zero-pitch wide-slot burmer without orifice plate.
Figure 7. - Fuel-alr-ratio operating range as function of combustion-chamber-inlet velocity and

pressure. Combustion-chamber-inlet temperature, 140°

SO

* 10° F.
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JAE———— NACA RM No. E8L20
Approximate
80 combustion-chamber-
inlet statlc
preasure, po
70 e, (1n/sq £t aba.)
=S 1250 toee
° — R
30C=1.
50 T v 1100-1300
——
'k\
40 [
O
=0
(a) Two-pitch standerd-slot burner. Combustion-chsmber-inlet veloocity Vo, 133 to 137
1 ; B feet per second.
90,
80 J\Bx
70
- o 4
8§ e Q
£ S —
s KD—
h 7.4
- -
o \4
£ 40! . . :
- (b) Two=pitch standard-slot burner. GCombust{on~chamber-inlet velocity Vs, 160 to 170
E- ) feet per second.
& 80 ~QJ
©
wt
sl 70
v Kn
g
o 60
3 U
w \
i -
(e} Two-pltch standard-slot burner. Combuation-chamber-inlet velacity Vo, 203 to 200
i feet per second.
0 —
Screechin
a0 ii(} combustion
70 _Q
60, \
A 4
\
] ﬁ\
w ~
(d} Zero-pltch wide-slot burmer. Combustion-chamber-inlet veloolty Vg, 197 to 209
feot per second.
K
80
40 ~.15_...~.T ::IQAM:A\::
30 -
04 .05 .06 07 .10 11 12 .|

(e) Zero-pitch wide-slot burmer.

Figure 8., - Effect of fuel-air ratio on combudtion efflclency at various combustion-chamber-

08 .09
Puel-air ratic, £/a
Combustion~-chamber-inlet veloclity Vg,

feet per mecond.

273 to 281

inlet velooltiss. Combustion-chamber-inlet temperature, 140° % 10° P,
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(c)

Two-pltech standard-alot burner.

Combustion-chamber-iniet veloclity Vg, 203 to 209
feet per aecond,

NACA RM No. Egl20 Skl
-]
A Al
| A A Tt
-] Lo q
51 ~——lo.
Pe)
4
(2) Two-pitoh stsndard-slot burner. Coxbustion~chamber-inlet velocity Vg, 135 to 137
feet per aecond.
7T
o Aipproximate
6 L, combua tion-chamber-
____#__ r inlet atatic
— Pressure, Rg
)/ \\ (ib/eq rt‘nbs.)
AT N T o 1800-2000
Y v fom o 1700-1900
5 o 1500-170Q
v A 1300-1500
=3 1100-1300
A
ks (b) Two-pltch stenderd-slot burner. GCombustion-chamber-inlet velocity Vg, 160 to 170
y feet per second.
- 7
-
[3
4
o
g
§° g \
T
1
a 5
-
-
-
-]

=

Screeching
cambustio >\

5%
8§

= T~
&

(&) Zero-pitch wide-slot burner. Combustion-chamber-inlet velocity Vo, 187 to 209
5 fast per aescond,
A
Ay -2

3
04 ~.08 «08 . W12 13

(e) Zero-pitch wide-slot burnmer.

Flgure 9. - Effect of fuel-air ratio.on
combustion-chamber-inlet velocities.

Puel-.-ur ratlio :

/s

Cambustion-chamber-inlet velocity Vg, 273 to 281
feet per secand

gas total-temperature ratic across ram Jet at various
Combus tion-chamber-inlet temperature, 1409 ¥ 10 P,

P a1
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100
Approximate
combuation—chamber-
inlet atatlic
o preasure, po
80 {1v/sq £t abs.)
T (<} 1900-2000
“ﬂvJ Al O 1700-1800
O 1500-1700
13500-1500
50 D v 1100-1300
[«
») \\ .
T
40
(a) Two-pitoh standard-slot burner. Fuel-alr ratic f/a, 0.070 to 0.076.
80
[+
60 = =]
g 1=
L [=
*/ \
- \
5 . N
g N\
5 ¢ S
- —
F-1
i~
n 2
o
E (b} Two~pitch atendard-slot burner. Puel-air ratio f/a, 0.085 to 0.091,
‘e 8 . . : :
&
¢
g v'q\\\
§ AT
g . n "B\
Q
(¢) Zero-pltch wide-glot burner. Fuel-sir ratio f/a, 0,051 to 0.058.
1
B8O Screeching 10
oombusticmd\o
80
T A
b
\.\h~
40 [P N
20
120 140 160 240 260 280 300

130 200 220
Gombustion-chamber-inlet velocity, Vg, Ift/sec
(d) Zero-pltch wide-slot burner. FPuel-air ratia f/a, 0.070 to 0.075.

Flgure 10, - Bffect of combustlion-chember-inlet velocity on combus tion efficlency st various
fuel-air ratios, Combustion-chamber-inlet temperaturs, 140° f 10° F.
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A Approximate
bus tion-chamber-
o) inlet static
poommmr] pressure, pgo
6 /{E/ ?‘ °: {ib/sq Tt aba.)
A \ 1800-2000
1700-1800
1500-1700
1300-1500
1100-1300

4Ono

(a) Two-pitch standard-slot burner. Fuel-slir ratic f/a, 0.070 to 0.076.

ol _—To oM.
/ -
A
L " // v
S
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P
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i
d 3
g
8 (b) Two-pitch standard-slot burner. Fuel-alr ratlo £/a, ©.085 ta 0.081.
= 5
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(¢) Zero-pitch wide~alct burner. Fuel-alr ratlo £/a, 0.051 to 0.058.
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r\c
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o
\
4
AN A
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Combustion-chsmber—inlet velocity, Vg, It/sec
(d) Zero-pitch ‘wide-slot burner. Fuel-alir ratio f/l., 0,070 to 0.075.

Pigure 11. - Bffect of cambustion-chamber-inlet veloclty on combustion efffgiency at various fuel-
2ir ratios. Combustion-chamber-inlet temperature, 1409 % 10° P,
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NACA RM No. E8L20 *

200

Gas total~- Tuel-air Combustlion

®0

temperature ratio efficlency
ratio t/a U
T (percent) .
0 1-0 ----- -
o 4.3 0.088 41
o] 5.4 «.081 60

Radlal location of fuel-
Injector tubes

Fuel pattern 4
Fuel pattern 3P

il

1b/sq £t
\\\

NN Zan\

q,

N/

Outer wall

Dynamic¢ pressure,

® o

o)

NAE

1

] 6
Radius, in.

9

Flgure 12, - Profiles of dynamic pressure Iin subsonlic diffuser im-
medliately upstream of fuel injector for various gas total-
temperature ratios across ram jJet at an average combustion-chamber- .
inlet Reynolds number of 1,280,000. Two-pltch. standard-slot

burner; combustion-chamber-ocutlet

diameter, 175 Inches.
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EE‘S-; .
Gas total- Fuel-air Combustion
temperature ratlio efficiency
ratio £/a Ty
T (percent)
o 1.0  emm-- -
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5.4 .081 60
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Figure 13. - Profliles of dynamic pressure &t combustion-chember inlet
for varlous gas total-temperature ratios across ram jet at average
combustion-chamber-inlet Reynolds number of 1,290,000, Two-pltch .

standard-slot burner; combustion~chamber-outlet diasmeter, 17L inches.
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Total Static Gas total- Fuel-sir Combustion
pressure pressure temperature ratio efficiency
' p ratio £/a
T (percent)
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Figure 14, - Profiles of total and static pressures across combustion
chamber 1/2 inch upstream of ram-jet outlet for various gas total-
temperature rgtics acrossram Jet at average combustion-chamber-inlet
Reynolds number of 1,2900,000. Two-pltch standard-slot burner;

combustlon-chamber-outlet diameter, 17%'- inches.
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Figure 15. - Profiles of total and statlic pressures across combustion
chamber 1/2 inch upstream of ram-jet outlet for choked and unchoked

conditions at ram-jet outlet.

combustion-chamber-outlet diameter, l'?%'- inches.
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Equivalent Fuel-alr Combustlion Gas total- Ultlmate
free-stream ratio efflclency temperature exhaust-
Mach number f/a L ratio jet Mach
Mg (percent ) T number
¥
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Figure 16. - Profiles of

Mach number sacross combusiion chamber

1/2 inch upstream of ram-jet outlet for choked and unchoked con-
ditions at ram-jet outlet. Two-pitch standard-slot burner; .

combustion-chamber-outlet diameter, 17%'- inches; ratio of specific

heats ’ 1.3.

oAb



1074

NACA RM No. EBL20 S 43

| eeOemm. Zoro=-pitech wlde-slot burner
without orifice plate
==e{~=-= Pwo-pitch standard-slot burner
without orifilce plate
———- Two-pltch standhrd-slot burner
with orifice plate
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Figure l7. - Effect of equivalent free-stream Mach number and pres-
sure altitude on jet thrust for various ram-jet configurations.
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Figure 18, = Effect of equlvalent free-stream Mach number on reduced
Jet thrust for various engine configurations.
to NACA standard atmospheric condltions at sea level.
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NACA RM No. ESL20 Y T
O Zero=-pltch wlde-slot burner
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Flgure 19. - Effect of equlivalent free-stream Mach number on total-pressure retio
across ram jet for various engine configurations.
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Fipgure 20. = Effect of equivalent free-stream Mach number on ultimate exhaust-jet
Mach number for varlous engline configuratlons.
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(c) Zero-pitch wide~-slot burner without orifice plate.

Figure 21. - Effect of equlvalent free-stream Mach number on reduced

speciflc fuel consumptlon for varlous ram-jet configurations.
Speclfic fuel consumption reduced to NACA standard atmospheric

conditions at sea level,
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Figure 22, - Effect of equivalent free-stream Mech number and gas-
total temperature ratio on net-thrust coefficient for various ram-Jet
configurations, ’
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